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Cosmology’s exploration of the universe has developed an increas-ingly broad field of view as time has 
gone by. Its beginnings were humble, using 
a mere handful of objects to infer broad 
principles; Edwin Hubble used a sample 
of only 24 galaxies to infer the expansion 
of the universe (Hubble 1929). Today we 
think nothing of mapping large volumes of 
cosmic space, reaching back to the period 
when the first stars, galaxies and black 
holes formed. Reionization and the cosmic 
dawn represent one of the last “here be 
dragons” regions on our map of cosmic his-
tory. Like explorers of old, cosmology is fill-
ing in these empty spaces on the map. 21 cm 
observations of neutral hydrogen made 
with a new generation of radio telescopes 
offers a route to mapping this epoch. Over 
the next decade, telescopes 
such as the Square Kilometre 
Array will pursue this goal, 
addressing questions such as 
whether the first stars were 
a population of metal-free 
super luminous “fire breathing dragons” or 
stars much like those in the Milky Way. 
Cosmic map making is exemplified by 
the beautiful precision maps of the cosmic 
microwave background (CMB) recently 
revealed by the Planck satellite (Planck 
Collaboration et al. 2015). On scales from 
arcminutes to the full sky, Planck reveals 
temperature fluctuations at the level of 1 
part in 100 000 measured with such sensi-
tivity that statistics are limited primarily 
by the finite size of the observable universe. 
Crude only by comparison, Planck’s polari-
zation maps similarly reveal a complex pic-
ture of primordial polarization. Although 
informative about decoupling, as yet these 
polarization patterns reveal no B-mode 
signal of the primordial gravitational 
waves that would tell us so much about 
inflation and the elusive first moments of 
our observable universe. 
The CMB polarization does tell us some-
thing important about the universe after 
recombination, though. At recombination, 
the gas filling space became neutral and 
photons no longer scattered from charged 
particles. A photon became free to travel 
uninterrupted from 400 000 years after the 
Big Bang to the Planck satellite today. But 
the detail of the CMB E-mode polarization 
indicates that about 7.5% of CMB photons 
scattered from ionized plasma at later 
times. That small percentage translates 
into a prediction that around a billion years 
after the Big Bang, the universe became 
ionized for a second time. This period of 
reionization results from the growth of gal-
axies that fill space with ionizing starlight. 
The first stars
Just what these early galaxies looked like 
is still a matter of conjecture. The first stars 
would have formed from primordial gas 
– hydrogen and helium alone, lacking the 
heavier elements ubiquitous today – and so 
may have looked very differ-
ent from the stars that form 
in the recent universe (Loeb 
& Furlanetto 2013). Before 
forming stars, gas must cool 
and contract to reach the den-
sities needed for nucleosynthesis to begin. 
For the first stars, the only cooling mecha-
nisms available were excitation of atomic 
hydrogen and helium lines, and possibly 
the more effective lines of molecular hydro-
gen. Whether molecular hydrogen was able 
to form and survive in significant abun-
dances at early times is a key question – it is 
fragile and easily disassociated by Lyman–
Werner photons, so that light from early 
star formation may have destroyed what 
molecular hydrogen had formed. Ineffi-
cient cooling generally means that a region 
must be larger before cooling can trigger 
collapse. This leads to the speculation that 
the first stars – named Population III stars – 
may have been extremely massive, possibly 
100 M⊙. 
Such stars would have been short lived, 
but very bright, perhaps 30 times brighter 
than the Sun. It is only a slight liberty to call 
them fire-breathing dragons and the ques-
tion is whether they are equally mythical. 
These simple expectations of early mas-
sive star formation have been challenged 
by recent numerical simulations that are 
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better able to follow the collapse of a region 
for more dynamical times to a stage closer 
to ignition of nucelosynthesis (Stacy et al. 
2010). These suggest that fragmentation of 
the gas would lead instead to a cluster of 
solar-mass Population III stars forming a 
tight ~100 M⊙ star cluster. Moreover, it is 
unclear for what length of time Popula-
tion III stars can form. The metals released 
by the supernova explosion of even a 
few Population III stars may enable more 
efficient gas cooling, so that later stars 
resemble metal-poor Population II stars 
seen in the Milky Way.
Just as the properties of the first stars are 
uncertain, so are the properties of the first 
black holes. The supermassive black holes 
(SMBHs) seen today at the centres of galax-
ies began life as seed black holes that have 
grown via accretion over cosmic time. The 
existence of such SMBHs at high redshift, 
in the form of the observed redshift 6 and 7 
quasars, challenges this picture as the age 
of the universe barely allows such SMBHs 
to grow from solar-mass black holes in the 
allowed time. One alternative is that the 
early seeds were much more massive, either 
being produced from the death of very 
massive Population III stars or from the 
direct collapse of a massive gas cloud to a 
black hole without a stellar phase. 
Cosmic renaissance
The formation of stars, galaxies and black 
holes is associated with the conversion of 
gravitational energy into radiation. Stars 
and galaxies produce ultraviolet photons 
that easily ionize hydrogen; the accretion of 
gas onto SMBHs or compact objects, such 
as white dwarfs, produces more energetic 
X-rays. Together this radiation reshapes 
the physical state of the gas filling space. 
The neutral, slowly cooling gas is ionized 
and heated by light. The period where 
this phase transition takes place is often 
collectively referred to as “cosmic renais-
sance” or “cosmic dawn” or the “epoch 
of reionization”. It is helpful to separate 
these two phases so that cosmic dawn 
refers to an early phase where the first 
starlight begins to illuminate the universe 
with non-ionizing ultraviolet radiation 
and X-rays, while epoch of reionization 
describes the gradual ionization of the gas. 
The earlier “cosmic dark ages” describes 
the period after recombination, but before 
the first galaxies have formed. 
Reionization is a particularly interest-
ing period, marking the transition from 
neutral to ionized gas. Ionized UV photons 
have a very short mean free path in a fully 
neutral intergalactic medium (IGM), so 
that they ionize bubbles with a sharply 
defined edge. As star formation increases, 
bubbles around individual 
galaxies grow and merge. 
This process of percolation 
can take ~500 million years to 
complete and both duration 
and topology are sensitive 
to the nature of both sources and sinks of 
ionizing photons. Population II and III stars 
generate different numbers of ionizing 
photons for a given mass converted into 
stars, the size and abundance of galaxies 
depends on which star-formation channels 
are efficient, and the underlying global star-
formation history is poorly constrained. 
More energetic X-rays can contribute to 
ionization too – their mean free paths are 
longer, which smooth the edges of ionized 
regions and can partially ionize the sur-
rounding gas. Sinks are just as important. 
Dense clumps of self-shielding hydrogen 
gas within galaxies, such as in the plane of 
disc galaxies, can prevent a significant frac-
tion of ionizing photons from escaping. For 
galaxies in the local universe, this escape 
fraction is only a few percent, but in small 
early galaxies could rise to almost 100%. 
On a larger scale, the way ionized bubbles 
grow can be slowed or even prevented as 
ionizing photons are lost to recombinations 
in self-shielding halos that do not host their 
own stars.
This period of cosmic history lies on the 
frontier of existing observations (Robertson 
et al. 2013). The Hubble Space Telescope can 
see galaxies out to redshift z = 11, but only 
a handful of the brightest galaxies. This 
is problematic, because most of the star 
formation and so most of the production 
of ionizing radiation is believed to be in 
unseen fainter galaxies. Of the heating by 
X-rays, we know nothing beyond some 
weak upper limits set by looking for the 
contribution to the diffuse X-ray back-
ground of highly redshifted X-rays from 
this period. 
Some of the most promising informa-
tion comes not from looking at galaxies 
themselves, but by trying to look at how 
the IGM affects light sources. The Lyman-α 
line of hydrogen is particularly useful here. 
This is a strong transition so the presence 
of even a small fraction of 
neutral hydrogen can signifi-
cantly affect the light at these 
wavelengths that reaches 
us from a distant object. 
Searches for galaxies that can 
be seen in both continuum radiation and 
in the Lyman-α line – named Lyman-alpha 
emitters – seems to suggest an interesting 
change in the neutral hydrogen fraction at 
z = 7 (Stark et al. 2010). Similar conclusions 
are drawn by looking at the Lyman-α forest 
of quasars, where the quasar continuum 
is absorbed by passage through neu-
tral hydrogen. The main problem with 
Lyman-α studies is that it is only sensitive 
to neutral hydrogen fractions smaller than 
about 1 part in 10 000. Any more and the 
IGM becomes so optically thick that no 
light is transmitted to the observer.
21 cm science 
Fortunately, hydrogen has another transi-
tion – the 21 cm line – which can be used 
to probe reionization. The 21 cm line is a 
hyperfine transition arising from the inter-
action between proton and electron spins 
in a hydrogen atom. The IGM is optically 
thin in this transition at all redshifts, so 
that observations in both angle and fre-
quency can map out the three-dimensional 
distribution and state of hydrogen. Used 
as a cosmological probe, the 21 cm line 
is seen against a radio-bright backlight, 
typically either the CMB or a radio-bright 
point source such as a quasar, where it can 
be seen in either emission or absorption 
depending upon the gas spin temperature. 
1 (Bottom): Evolution of the sky-averaged 
differential 21 cm signal with frequency/redshift.  
(Top): Slice through 21 cm fluctuations. 21 cm 
absorption (blue) and emission (red) by neutral 
hydrogen is contrasted with regions of no 21 cm 
signal (black). The band of black at ~100 million 
years arises from the spin temperature 
equilibrating with the CMB, while the black at later 
times indicates ionized regions. (Adapted from 
Pritchard & Loeb 2012)
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The spin temperature is a conventional 
way of description the occupation of the 
upper (parallel spins) and lower (anti-
parallel) energy states. Typically, scattering 
of Lyman-α photons or atomic collisions 
bring the spin temperature into equilib-
rium with the gas, but if both are absent the 
spin temperature relaxes to the tempera-
ture of background CMB. 
This underlying atomic physics means 
that the 21 cm line shows a rich behaviour 
over cosmic time, allowing a variety of 
aspects of cosmic dawn and reionization 
to be investigated (Pritchard & Loeb 2012). 
Figure 1 shows one example of how the 
21 cm signal might behave. It is helpful 
to consider the sky-averaged differential 
21 cm signal, which shows up against the 
CMB blackbody as a frequency-dependent 
spectral distortion (bottom panel). The 
rest-frame frequency of the 21 cm line is 
1.4 GHz, so that an observed frequency cor-
responds to a redshift (1 + z) = 1.4 GHz ν–1. 
The overall evolution of the 21 cm signal 
is largely driven by the evolution of gas 
temperature and reionization. The gas 
cools adiabatically with the expansion of 
the universe as T ∝ (1 + z)2 to temperatures 
of a few Kelvin until, at redshifts around 
20, X-ray emission from accretion onto early 
black holes gradually heats the gas to tem-
peratures far above that of the CMB. At that 
point, the 21 cm signal becomes insensitive 
to the details of the gas temperature and is 
seen in emission against the cooler CMB. 
Earlier, when the gas was cooler than the 
CMB, the 21 cm signal will show as absorp-
tion against the CMB. Ionization gradually 
reduces the abundance of neutral atomic 
hydrogen in the IGM to zero, terminat-
ing the 21 cm signal, frequencies above 
170 MHz in the example of figure 1.
The early evolution of the signal is fur-
ther modified by the physics of the coupling 
of the hydrogen spin temperature to the 
gas temperature. Initially coupling is via 
atomic collisions, but below z ~ 80 the gas 
becomes too diffuse and cold for this to be 
effective and the spin-temperature relaxes 
back to the CMB temperature. As galax-
ies form they produce Lyman-α photons, 
which via a process of repeated scattering 
known as the Wouthysen–Field effect again 
couple gas and spin temperatures. While 
the spin temperature approaches that of 
the CMB, the 21 cm line becomes invisible 
against the CMB. This phase breaks the 
early absorption phase into two absorption 
troughs, centred at 20 MHz and 70 MHz in 
this example. 
Spatial variations
The sky-averaged signal is only part of 
the story, because spatial variations are 
expected on the scale of the ionized bubbles 
and the hot and cold patches. The top panel 
of figure 1 gives an example slice looking 
back in time. Each of the two absorption 
troughs and the emission feature have 
associated fluctuations. At early times, the 
pattern of heating shows as a mix of hot and 
cold regions. Later, small ionized bubbles 
slowly grow and are seen merging until the 
signal disappears. Figure 2 gives an exam-
ple of 21 cm maps at fixed redshift from 
semi-numerical simulations of reionization 
and shows how changing the prescription 
for sinks of ionizing photons can have a 
significant impact (Watkinson et al. 2015).
While this example makes sensible 
assumptions about the behaviour of galax-
ies, we can at best extrapolate from the 
properties of galaxies observed at z ≲ 10. 
This renders these predictions extremely 
uncertain and motivates much of the 
interest in this fledgling field. It is hoped 
that this discussion gives a sense of the 
almost bewildering richness of the physics 
in the 21 cm signal. A mixture of detailed 
numerical simulations and careful statisti-
cal analysis will be required to compare 
observations and theory to untangle the 
different contributions. 
The science return from observations of 
this period in the 21 cm line could be broad 
(Mesinger et al. 2015). Critically, it offers a 
pathway to learn about galaxy formation at 
redshifts much higher than those probed by 
Hubble or even in prospect with JWST. Like 
artists producing a picture from negative 
space, the 21 cm signal traces the behaviour 
of gas outside galaxies, revealing the prop-
erties of the galaxies themselves. Although 
nothing can be learnt about individual gal-
axies, information is provided about popu-
lations of galaxies as a whole – both bright 
and faint all bundled together. The 21 cm 
signal is sensitive to different wavelengths 
of light, specifically Lyman-α, X-rays and 
ionizing UV, providing a crude form of 
multiwavelength astronomy. The details of 
21 cm fluctuations are affected by the exact 
shape of the spectrum of light from galax-
ies, so that periods when galaxies com-
posed of Population II or Population III stars 
dominated could be distinguished.
Alongside the astrophysical activity, 
there has been considerable interest in 
using the 21 cm signal for cosmology. Sim-
plest to conceive would be to use maps of 
cosmic volume to infer the matter distribu-
tion, in a manner similar to all-sky galaxy 
surveys. Separating the subtle effects of 
altered cosmological parameters from the 
much larger signals of uncertain astrophys-
ics is a potential limitation to this approach. 
More directly, because it depends upon the 
thermal history of the gas, the 21 cm signal 
can be used as a calorimeter to indicate the 
presence or absence of exotic heat sources. 
Decaying or annihilating dark matter, 
cosmic strings that stir the IGM and decay-
ing magnetic fields could all be constrained 
from 21 cm observations. Physical effects 
such as warm dark matter or primordial 
non-Gaussianity can also modify the 
2 21 cm maps 
illustrating the growth 
of ionized regions 
with redshift and the 
impact of neutral 
sources. Slices on the 
right include Lyman 
limit systems, which 
are dense and self-
shielding so absorb 
ionizing photons; this 
reduces the size of 
bubbles and leads to a 
more patchy topology 
at a fixed volume-
filling fraction of 
bubbles. These slices 
are 300 comoving 
Mpc on a side (2° at 
z = 7) at a resolution of 
3 Mpc (1 arcmin). For 
comparison the SKA 
field of view at z = 7 
will be about 3° × 3° 
(10 deg2) with 5 arcmin 
beam size and 1 mK 
sensitivity. (Adapted 
from Watkinson et al. 
2015)
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clustering of astrophysical sources of light, 
changing the spatial distribution of radia-
tion that they produce and so changing 
21 cm maps. 
Ultimately, the goal of 21 cm cosmology 
is to make images of the evolution shown 
in figure 1, mapping out the cosmic volume 
from 10 million years to about 1 billion years 
after the Big Bang. These will contain huge 
amounts of information that theorists are 
currently still working out how to interpret. 
Practically speaking, this map making is a 
daunting task – and one in which observers 
are just starting to make headway.
21 cm observations 
The 1.4 GHz rest-frame frequency of the 
21 cm line from redshifts of between 6 and 
30 corresponds to observed frequencies 
of 50–200 MHz. This is the range cur-
rently being targeted by a mix of radio 
experiments. At metre wavelengths it is 
convenient to build a radio telescope from 
antennae rather than dishes. Antennae 
can be produced cheaply in large numbers, 
important when collecting areas of order 
0.01–1 km2 are required to obtain the neces-
sary sensitivity. Because an individual 
element typically has an effective collect-
ing area ~wavelength2, a radio array will 
have 104–106 elements. To reduce compu-
tation cost, groups of 100–1000 antennae 
are considered as tiles or stations and the 
coherent sum of voltages from the many 
stations are fed into a supercomputer for 
correlation. The processing and storage 
of the large data volumes (petabytes for 
current experiments, rising to exabytes for 
SKA) that this produces is one of the many 
challenges for these experiments and many 
solutions, such as cloud computing, are 
being explored (Quinn et al. 2015).
A consequence of the long wavelengths 
is that, even with stations spread on kilo-
metre baselines, the angular resolution 
θ ≈ λ/D is limited to arcminutes and above. 
This approximately matches the character-
istic size expected for the ionized regions. 
Longer baselines provide higher resolu-
tion, but for an increasingly unfilled array, 
which limits their sensitivity. The longer 
baselines have an important role in calibra-
tion of the array and in the characterization 
and removal of radio point sources. 
The Earth creates two main challenges 
for radio interferometry at these frequen-
cies. The ionosphere becomes increasingly 
variable at low frequencies and variation 
in the electron content distorts the phase 
fronts of the incoming radio waves. This 
can be corrected through techniques 
comparable to adaptive optics, using the 
positions of known radio point sources 
such as pulsars, but becomes untenable at 
frequencies much below 50 MHz. For this 
reason lunar radio telescopes have been 
discussed as a way of targeting the cosmic 
dark ages. From the ground, observations 
are likely to be limited to the period where 
galaxy formation has begun or is just 
beginning. Man-made radio interference is 
another significant problem. Some of this 
can be mitigated by a remote location, such 
as the Australian outback, but elsewhere 
radio-frequency interference (RFI) flagging 
has been shown to be effective at removing 
contamination with the loss of surprisingly 
little data volume. Outside of main TV and 
radio channels, most radio transmissions 
are sporadic and so significant portions of 
time are clear of RFI.
Galactic and extragalactic radio emission 
is a larger concern. Measured 
as a brightness temperature, 
the 21 cm signal is typically 
~10 mK compared to galactic 
synchrotron emission that 
varies from 100–1000 K at 
high galactic latitude and much more in 
the plane of the galaxy. Free–free emis-
sion and extragalactic point sources all 
contribute to the ~100 MHz radio sky at a 
lesser, but comparable level. Happily, these 
radio foregrounds share a characteristic 
spectral smoothness that distinguishes 
them from the spatial and line-of-sight 
fluctuations of the 21 cm signal. Several 
different foreground separation techniques 
have been developed that exploit this 
fundamental spectral difference. Some 
of the key techniques, such as independ-
ent component analysis (Chapman et al. 
2012), being used by LOFAR are derived 
from a class of blind signal separation 
algorithms used to separate overlapping 
signals (colloquially known as the cocktail 
party problem). Other techniques exploit 
the nature of radio interferometry, which 
essentially looks at the Fourier transform of 
the sky, to show that most foregrounds live 
within a “wedge” in Fourier space. Outside 
this wedge is a window where the 21 cm 
signal should be clean, or at least much less 
contaminated. Simulations suggest the 
104–105 level of foreground cleaning to get 
the 21 cm signal is a challenging but achiev-
able goal.
The sensitivity of the first generation 
of instruments is likely to preclude direct 
imaging of the 21 cm signal. Noise out-
weighs signal on all but the largest angular 
scales. The first detection will come from 
statistical combinations of the data that 
increase the signal-to-noise ratio. Cosmolo-
gists are used to analysing map data via 
the power spectrum, a Fourier transform 
of the two-point correlation function, and 
the same technique is applicable to 21 cm 
observations. Although the signal naturally 
lives in three dimensions, analysis of the 
2D power spectrum in a series of redshift 
bins picks up not only the imprint of a 
characteristic scale by ionized regions, but 
also traces the rise and fall of the power 
spectrum as ionized regions first imprint 
more power and then the signal dies away 
as the universe reionizes. 
A variety of theoretical work on the 21 cm 
power spectrum exists, exploring the effect 
of different source populations, radiation 
prescriptions, sinks of ionizing radiation 
and the presence of exotic physics. The 
broad parameter space and uncertainty in 
the physical modelling means that these 
predictions do not approach the level of 
precision familiar from the CMB, but they 
should be sufficient to extract broad-brush 
information about the underlying astro-
physics. Work is ongoing 
to calibrate analytic and 
semi-numerical simulations, 
which embrace simplicity 
for speed at the cost of detail, 
against more sophisticated 
hydrodynamical and N-body numerical 
simulations, which can test smaller scales 
and details of radiative transfer much more 
rigorously. The challenge is to develop 
a toolkit that can be compared against 
upcoming observations to accurately infer 
astrophysics both from the 21 cm signal 
alone and in combination with observa-
tions of high-redshift galaxies from more 
traditional telescopes.
21 cm experiments 
The first attempts to detect the 21 cm signal 
at cosmological redshifts actually date back 
to the early days of the Giant Metrewave 
Radio Telescope (GMRT), built in India in 
1995. That initial search proved fruitless 
because, as we now know, the cosmology 
assumed at that time overpredicted the 
strength of the 21 cm signal. Nonetheless, 
the GMRT is still one of the most sensitive 
metre-wavelength telescopes and was 
recently used to set some of the first useful 
upper limits to the 21 cm signal (Paciga et 
al. 2013).
Increasing theoretical interest eventu-
ally prompted the design and construction 
of 21st-century radio interferometers to 
detect the 21 cm signal, which have become 
operational in the last few years. These are 
the Low Frequency Array (LOFAR, http://
www.lofar.org), the Murchison Widefield 
Array (MWA, http://www.mwatelescope.
org), and the Precision Array to Probe the 
Epoch of Reionization (PAPER, http://eor.
berkeley.edu). This is a field still in its rela-
tive infancy and these experiments have 
taken different approaches to the problem. 
The noise on a measurement of the 21 cm 
power spectrum scales approximately as  
Δnoise2 ∝ Tsys2/(Btint) × Acore/(Nstation1/2 Acoll3/2) 
on the system temperature Tsys, bandwidth 
B, integration time tint, area of a compact 
core Acore, number of stations/tiles Nstation, 
“SKA measurements 
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of when galaxy 
formation began”
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and total collecting area Acoll = Nstation Astation. 
In general, a more compact array is better 
for power spectrum measurements, but 
loses in imaging capability. 
LOFAR, an SKA pathfinder experiment, 
is a multipurpose radio telescope operat-
ing in two bands: a low band of 10–90 MHz 
and a high band of 110–250 MHz. The high 
band is of most interest for era of reioniza-
tion (EoR) science, because the sensitivity 
in the low band is much smaller. A com-
pact core is located in the northeast of the 
Netherlands with stations distributed into 
neighbouring countries as far as Germany, 
Sweden and Britain. This gives LOFAR a 
mix of high sensitivity for the EoR, but also 
long baselines for point-source characteri-
zation. Of the three pathfinder experiments, 
LOFAR has the largest collecting area, but a 
more sparse configuration that reduces its 
effective sensitivity to the power spectrum. 
LOFAR has produced a wide range of high-
dynamic-range images in its main EoR 
observing fields, but is carefully assessing 
the effect of various systematics before pub-
lishing EoR limits (Asad et al. 2015).
Both PAPER and MWA, in contrast, are 
more focused EoR experiments. MWA is 
located in the Western Australian outback 
and is composed of 128 tiles, each tile 
consisting of 16 bow-tie dipoles. Smaller 
tiles give MWA a larger field of view than 
LOFAR, which is useful for surveying the 
sky. A compact design boosts the power 
spectrum sensitivity, compensating some-
what for less collecting area (Dillon et al. 
2014). The sensitivities of these three instru-
ments are compared in figure 3. To date, a 
32-tile MWA set upper limits at redshifts 
z = 6.2–11.7 with the best limits constrain-
ing the 21 cm signal to be less than 0.3 K 
on scales of ~100 Mpc. While substantially 
larger than the expected signal, these limits 
will rapidly fall with the full instrument 
and longer integration times. 
Located in the South African Karoo, 
PAPER is also 128 elements, but each ele-
ment is a single receiver at the centre of 
what amounts to a dish to boost collecting 
area. PAPER’s approach has been to focus 
on a high control of the beam smoothness 
in frequency, a key systematic. The 128 ele-
ments are laid out in a regular arrangement 
so that many pairs of antennae probe the 
same Fourier mode on the sky. This gains 
power-spectrum sensitivity at the expense 
of the ability to image the sky. They focus 
on the signal outside the foreground 
wedge, hoping to avoid the foregrounds 
and, with the aid of the frequency evolu-
tion of the 21 cm signal, will still be able to 
make a clean 21 cm detection. PAPER has 
set the most stringent upper limits on the 
21 cm signal, which can be used to rule 
out extreme models, where the IGM cools 
without heating to redshift z = 7, that would 
produce a >200 mK 21 cm absorption signal 
(Ali et al. 2015). 
It is still early days for these three experi-
ments. Only in the past year has commis-
sioning of the MWA-128 and PAPER-128 
arrays been completed and science data col-
lection begun. Upper limits from the early 
64-element arrays show that foregrounds 
can be removed to a level of about 10 times 
the expected 21 cm signal, which begins to 
be of scientific interest. To date each of these 
instruments has accumulated of order 100 
hours of useful integration time. Figure 3 
indicates the predicted sensitivity of these 
instruments after 1000 hours integration 
time. All should be capable of making a 
detection of the 21 cm signal, although 
this is sensitive to assumptions about the 
reionization history. It remains to be seen 
whether systematics set a floor for these 
instruments and the process of learning 
how to operate these instruments and how 
best to analyse the data continues.
These three pathfinders should produce 
a first detection of the cosmological 21 cm 
signal from the end of reionization in the 
near future. To properly image the 21 cm 
signal during reionization and to probe the 
21 cm signal at the time of the first galax-
ies requires a significantly more sensitive 
instrument. That sensitivity can be accom-
plished only by building more collecting 
area with more elements. 
There are plans to innovate upon the 
PAPER design to build the Hydrogen 
Epoch of Reionization Array (HERA, 
http://reionization.org). Primarily a con-
sortium of US and South African partners, 
although with some UK involvement, 
HERA will be located in the South African 
Karoo. HERA will be a dedicated EoR 
experiment with a highly compact design 
focused on 21 cm power-spectrum meas-
urements of reionization at z ≲ 15, although 
with some imaging capability. 
SKA capability
Still more ambitious, the Square Kilometre 
Array (SKA https://www.skatelescope.
org) is an international project to construct 
a radio telescope for the next decade of 
radio astronomy. With construction of 
the first phase planned to begin in 2018 
and first science in 2021, the Phase 1 SKA 
will be composed of two main elements: 
SKA1-MID, a 350 MHz–14 GHz dish array 
located in South Africa; and SKA1-LOW, 
3 Evolution of the 21 cm power spectrum (black 
curve) and expected sensitivities with 1000 hours 
integration for LOFAR (green), MWA (blue), PAPER 
(purple) and SKA (dashed curves). The three 
pathfinders should be capable of detecting the 
21 cm signal at z ≲ 10, but it will require SKA to 
accurately characterize the shape and extend to 
higher redshifts. (From Mellema et al. 2013)
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a 50–350 MHz dipole array located in 
Australia. Epoch of reionization and 
cosmic dawn science is one of the main 
science objectives of the SKA and will 
be conducted with SKA1-LOW. A recent 
rebaselining exercise reduced the size of 
SKA1-LOW by a factor of two in collecting 
area. Even so, SKA1-LOW will be com-
posed of about 130 000 log-periodic dipoles 
giving it a collecting area of 0.4 km2 and an 
impressive sensitivity. These Christmas 
tree looking dipoles have a self-similar 
structure to obtain a smooth frequency 
response over the required wide band-
width (see figure 4).
This high sensitivity opens up new 
opportunities for probing the epoch of 
reionization. Whereas a telescope such as 
LOFAR requires ~1000 hours of integration 
to detect the 21 cm signal at redshifts ~8, 
SKA could detect the same signal with ~10s 
hours of integration. As a result, SKA can 
operate in a layer cake survey mode – for 
example, statistically measuring the 21 cm 
power spectrum at the end of reionization 
over a field of 1000 deg2, imaging reioniza-
tion over a 100 deg2, and measuring the 
21 cm power spectrum all the way to 
redshift ~27 in a deep integration within 
10 deg2. This breadth and depth will give 
SKA a qualitatively new view of the galaxy 
formation over cosmic time. 
For the first time, SKA will offer high 
signal-to-noise images of the epoch of 
reionization in 21 cm. The angular resolu-
tion will be sufficient to map the shape of 
the large ionized regions towards the end 
of reionization and locate the smaller ion-
ized regions from the middle and begin-
ning. This will help reveal the topology of 
reionization and provide environmental 
context for the galaxies seen with JWST/
HST. Perhaps of most scientific value, SKA 
will measure the evolution of the 21 cm 
power spectrum from z = 27 to z = 6. For 
the first time, observations of astrophysics 
will stretch back to when the universe was 
100 million years old. As described earlier, 
this will allow an identification of when 
galaxy formation begins, measure the star-
formation history, constrain early black-
hole formation, and much more. From a 
standing start, the next 10 years will be a 
critical time for 21 cm experiments.
Conclusions 
The period between 400 000 years and a bil-
lion years is a key gap in our observational 
history of the universe. 21 cm observa-
tions with pathfinder telescopes – LOFAR, 
MWA, PAPER, HERA – and with the 
Square Kilometre Array offer a unique path 
to mapping the distribution of hydrogen 
throughout this period. Contained within 
these maps will be information about the 
star-formation history, the nature of the 
stars that are forming, and about the forma-
tion of black holes. There are technical 
challenges to be overcome in making these 
observations – handling the data volume, 
obtaining the high dynamic range needed, 
removing foregrounds – but the path to 
the observations is now reasonably well 
understood. Over the next decade these 
observations will provide a greater context 
for direct observation of high-redshift 
galaxies with JWST and help constrain the 
inputs for numerical simulations of galaxy 
formation. These are exciting times and 
with hard work we might finally be able 
to fill some of the gaps in our maps of the 
universe. ●
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